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Introduction
Treatment of anaemia with erythropoiesis-stimulating agents (ESAs) has resulted in major health benefits for individuals with end-stage kidney disease (ESKD), including improved quality of life, reduced blood transfusion requirements, decreased left ventricular mass, diminished sleep disturbance and enhanced exercise capacity [1] [2] [3] . However, ESA treatment results in a substantial increase in the iron demand for erythropoeisis [4, 5] , such that as many as 90% of ESA-treated individuals require iron supplementation to sustain an optimal haematological response to ESAs [6, 7] .
Numerous studies in haemodialysis populations have shown an advantage of intravenous over oral iron supplementation, as evidenced by enhanced body iron stores, augmented haemoglobin levels and reduced ESA requirements [7] [8] [9] [10] . Indeed, some trial data have shown that oral iron supplementation in haemodialysis populations is no more effective than placebo or no iron supplementation [11] [12] [13] . While comparable detailed data are not available in peritoneal dialysis (PD) patients, a cross-over trial of oral iron versus 2-monthly intravenous iron infusions in 28 PD patients showed that intravenous iron supplementation was associated with a much lower incidence of gastrointestinal disturbances (11 versus 46%, P < 0.05) and superior haemoglobin levels and body iron stores compared with oral iron treatment, albeit at a 6.5-fold higher cost [14] . Other small investigations have shown an inability of oral iron supplements to maintain adequate iron stores in PD patients over medium-to-long-term periods [7] , principally because of poor compliance, dose-limiting gastrointestinal side effects and suboptimal gastrointestinal absorption of iron [15] . Despite these data, and because of the greater simplicity of oral iron therapy in PD patients in whom repeated intravenous cannulation is logistically more difficult, a preference exists for oral iron supplementation in PD patients in the first instance [16, 17] .
An oral iron supplement able to safely, cheaply and more effectively maintain iron stores and haemoglobin levels in ESA-treated PD patients would therefore be of considerable clinical utility. Preliminary evidence suggests that heme iron polypeptide (HIP) might represent such a promising, novel, therapeutic strategy. HIP is produced by hydrolysis of bovine haemoglobin, resulting in a highly soluble heme moiety that contains more than 1% iron. Since heme is absorbed via a different receptor to that utilized by non-heme (ionic) iron (as is contained in standard oral iron supplements) [18, 19] , the absorption kinetics of HIP and ionic iron are dissimilar. Non-heme iron absorption may be negatively affected by the high hepcidin levels seen in patients with ESKD [20] , whereas heme iron absorption is not affected by hepcidin levels in other populations such as pregnant women, and may even be inversely correlated [21] . It might therefore be postulated that in ESKD patients with high hepcidin levels, heme iron absorption should be superior to non-heme iron. While studies in healthy individuals have suggested fewer side effects and significantly higher bioavailability of heme iron compared with non-heme iron [22] , only very limited data are available regarding the utility of HIP in chronic kidney disease populations, including PD patients.
The aim of this study, therefore, was to determine the ability of HIP administration to augment iron stores in ESA-treated PD patients, when compared with conventional oral iron supplementation.
Materials and methods

Study oversight
The design and methodology of the randomized controlled trial of oral HEMe iron polypeptide Against Treatment with Oral Controlled Release Iron Tablets (HEMATOCRIT) have been described previously [23] . The study was an investigator-initiated, multi-centre, prospective, open-label, randomized Phase 4 controlled trial and was registered with the Australian New Zealand Clinical Trials Registry (ACTRN12609000432213). The study protocol was approved by ethics committees at all participating centres. All patients provided written informed consent prior to trial participation.
Patients
The HEMATOCRIT trial included adult (≥18 years) patients with endstage renal disease who had been receiving both PD and darbepoetin (DPO) treatment for at least 1 month and were both able and willing to give informed consent. Exclusion criteria included: (i) a history of psychological illness or condition which interfered with the ability to understand or comply with the requirements of the study; (ii) pregnancy or breast-feeding; (iii) known hypersensitivity to, or intolerance of, oral iron, HIP or DPO; (iv) active peptic ulcer disease; (v) vitamin B12 or folate deficiency; (vi) recent (within 1 month) acute infection; (vii) parathyroid hormone level >100 pmol/L; (viii) serum aluminium >2 µmol/L; (ix) presence of systemic haematological disease (including antibodymediated pure red cell aplasia) or known haemoglobinopathy; (x) major surgery, infection, acute myocardial infarction or malignancy within the last 3 months; (xi) intravenous iron therapy, vitamin C therapy, melatonin treatment, androgen therapy or blood transfusion within the previous month; (xii) serum ferritin >500 μg/L or transferrin saturation (TSAT) >50% and (xiii) religious or other objection to consuming product prepared from bovine blood. Patient recruitment occurred between January 2007 and September 2010. The trial stopped in March 2011 after the last recruited patient completed the 6-month study protocol.
Study treatment
Eligible patients were randomized 1:1 to receive oral iron in the form of either HIP (Proferrin ® ES, Colorado Biolabs, USA; one capsule twice daily equivalent to 240 mg elemental iron daily) or slow-release ferrous sulphate (Ferrogradumet ® , Abbott, Sydney, Australia; one capsule twice daily equivalent to 210 mg elemental iron daily). To ensure adequate concealment of allocation, randomization was performed using sequentially numbered, opaque, sealed envelopes. The sequence of interventions was obtained from a computer-generated random number list in permuted blocks provided through the Australasian Kidney Trials network (www. aktn.org.au) and was stratified according to centre. Study participants were instructed to take their study medication on an empty stomach at least 2 h apart from phosphate binder ingestion. They were allowed their usual diet. DPO dosages were modified by treating physicians to maintain haemoglobin concentrations between 95 and 125 g/L. Vitamin B and folic acid supplementation were permitted. Vitamin C supplementation, melatonin and androgen therapy were prohibited during the study period. All other care was provided according to standard unit protocols. Demographic and clinical data were collected at the time of participant entry into the study. Blood samples were collected at baseline and then every 2 months for determination of haemoglobin concentration, TSAT and serum ferritin concentration. Patients were reviewed in the outpatient clinic every 2 months to monitor their medications and general well-being. Each patient was followed for 6 months.
Outcome measures
The primary outcome measure was the difference in TSAT between the HIP and ferrous sulphate groups at the end of the 6-month study period. The primary outcome measure of TSAT was chosen in preference to serum ferritin concentration due to the latter being more readily affected by inflammation or infection and therefore potentially a less reliable single measure of iron stores [24, 25] . Haemoglobin concentration was not used as the primary outcome due to the possibility of co-intervention bias due to ESA use.
The secondary outcome measures were the differences between the two groups at the end of the 6-month study period with respect to serum ferritin concentration, proportion of iron-replete patients (TSAT >20% and serum ferritin >100 μg/L), haemoglobin level, DPO dosage, DPO sensitivity index (weekly DPO dose divided by haemoglobin level) and adverse events.
Statistical analysis
Data were expressed as numbers (percentages) for categorical variables, mean ± SD for continuous normally distributed variables and median (inter-quartile range; IQR) for continuous non-normally distributed variables. For univariable comparisons between treatment groups, the χ 2 , Fisher exact test, unpaired t-test and Wilcoxon rank-sum test were used, as appropriate. The effect of the intervention on the primary outcome measure of TSAT at 6 months was measured by analysis of covariance (ANCOVA) with adjustment for baseline TSAT values, patient age, gender, diabetes, body mass index (BMI), cause of ESRF, dialysis duration and peritoneal membrane transport status. As malnutrition may have had a potential impact on outcomes, the relationship between serum albumin level and iron indices (TSAT and serum ferritin) was evaluated in post hoc analyses. Similar analyses were performed for the secondary outcomes of serum ferritin, haemoglobin concentration and DPO dosage at 6 months. Because of the non-normal distribution of DPO sensitivity index data at 6 months and inability to find an appropriate transformation, the effect of the intervention on Month 6 DPO sensitivity index tertiles was assessed using multivariate logistic regression. The intention-to-treat population included all randomized patients who provided at least one blood sample for TSAT measurement post-commencement of study medication. If a patient needed to receive intravenous iron during the trial, their last TSAT value prior to its administration was taken as their final TSAT value for the purposes of intention-to-treat analysis. The per-protocol population included only those individuals who took the study drug as prescribed for the entire duration of the study and had blood samples obtained at all specified timepoints. The HEMATOCRIT trial aimed to recruit a total of 60 patients (30 in each group) on the basis of 80% power to detect a clinically important difference in TSAT of 7%, assuming a two-sided Type 1 error of 5%, a population standard deviation (SD) of 8% and a 15% drop-out rate over 6 months. Data were analysed using Stata Version 11.1, TX. All P-values were two-sided, and P < 0.05 was considered significant.
Results
Patients
A total of 62 patients were randomized to receive either HIP (n = 32) or ferrous sulphate (control, n = 30) (Figure 1 ). The two groups were well matched for all baseline characteristics (Table 1) . Fig. 1 . CONSORT diagram showing the number of patients recruited into the HEMATOCRIT study, randomized, followed and analysed.
Transferrin saturation
No significant differences in TSAT values were observed between the HIP and control groups at any time point in the intention-to-treat population (Table 2; Figure 2 ). At 6 months, the median (IQR) TSAT was 22% (16, 29) in the HIP treatment group compared with 20% (17, 26) in controls (P = 0.65). Using ANCOVA, HIP treatment was not significantly associated with TSAT at 6 months (P = 0.95). Serum albumin level was not significantly associated with TSAT on univariable analysis (P = 0.56) and was therefore not incorporated into the multivariable model.
On per-protocol sensitivity analysis, no differences in 6-month TSAT values were observed between the HIP group [27% (20, 25) ] and controls [21% (18, 26) ; P = 0.21; Table 3 ]. Treatment group was not predictive of TSAT at 6 months using ANCOVA (P = 0.52). Serum albumin level was not significantly associated with TSAT on univariable analysis (P = 0.27).
A further sensitivity analysis was undertaken in a subgroup of trial participants with absolute iron deficiency (serum ferritin <100 μg/L) at baseline (n = 14). In this subpopulation, the median (IQR) TSAT values at 6 months were 19 (13-30.5) in the HIP group and 20 (20.0-31) in controls (P = 0.70). HIP treatment was not associated with the end of study TSAT following multivariable adjustment (P = 0.88). When the subgroup analysis was broadened to include patients with either absolute or relative iron deficiency (TSAT <20% or serum ferritin <100 μg/L) at baseline (n = 28), HIP was not associated with the end of study TSAT following multivariable analysis (P = 0.74).
Serum ferritin
Serum ferritin levels at 6 months were significantly lower in those randomized to HIP compared with ferrous sulphate (P = 0.003, Table 2 ). Using ANCOVA, HIP treatment was independently predictive of lower serum ferritin levels at 6 months (P < 0.0001). Serum albumin level was not significantly associated with serum ferritin on univariable analysis (P = 0.23).
The proportions of iron-replete patients, defined as TSAT >20% and serum ferritin >100 μg/L, were similar in the HIP and control groups at 6 months (52 versus 56%, P = 0.79, Table 2 ).
Haemoglobin level
There were no significant differences in haemoglobin levels at 6 months in those randomized to HIP compared with ferrous sulphate (P = 0.59, Table 2 ). Using ANCOVA, HIP treatment was not significantly associated with 6-month haemoglobin levels (P = 0.64).
Darbepoetin dose and responsiveness
DPO dose was not significantly associated with HIP treatment, either at 6 months (P = 0.66, Table 2 ) or over the course of the study using ANCOVA (P = 0.54). The DPO sensitivity index was not significantly associated with HIP treatment, either at 6 months (P = 0.96, Table 2 ) or over the course of the study using multivariate logistic regression (P = 0.30).
Adverse events
Adverse event rates (including gastrointestinal adverse events) were not significantly different between the intervention and control groups (Table 4) .
Cost
The cost (in Australian dollars) of treating one patient with HIP (two tablets daily) for the 6-month study period was $181.44, compared with $26.88 for two tablets daily of ferrous sulphate.
Discussion
This study represents the first prospective randomized controlled trial of oral HIP versus ferrous sulphate therapy in patients with chronic kidney disease. It demonstrated a lack of advantage of twice-daily HIP over ferrous sulphate, with the two forms of iron supplementation resulting in similar TSAT values over a 6-month period in the intention-to-treat population, the per-protocol population and subgroups with absolute iron deficiency (with or without relative iron deficiency). HIP treatment did not alter iron-replete status, haemoglobin levels, DPO dose, DPO responsiveness or the frequency of adverse events (including gastrointestinal adverse events), but did result in inferior serum ferritin concentrations and a 6.75-fold increase in iron supplementation costs. The observed high rates of both non-adherence with prescribed therapy and censoring events demonstrate the difficulties associated with oral iron supplementation and conducting clinical trials in this patient group. The results of the present study contrast with data obtained in healthy individuals. In a double blind-randomized study involving 14 non-anaemic subjects without evidence of inflammatory disease, significantly higher bioavailability was observed following administration of HIP compared with ferrous fumarate or placebo [22] . Specifically, HIP was associated with a 23-fold greater increment in serum iron compared with ferrous fumarate on a milligram-per-milligram basis [22] . Interestingly, however, when subjects in this study were separated into two groups according to their baseline ferritin levels (<50 versus >50 μg/L), the increment in serum iron levels with HIP compared with ferrous fumarate and placebo was only significant in the low ferritin group. Given that the maintenance of serum ferritin >100 μg/L is recommended in dialysis patients to maintain ESA efficacy [16] , this suggests a reduced likelihood of observing an advantage of HIP in this patient group. Nevertheless, no benefit of HIP therapy was observed in PD patients with serum ferritin levels <100 μg/L in the HEMATOCRIT trial. Only one previous trial has investigated the utility of HIP in a chronic kidney disease population. Nissenson et al. [26] performed an open-label, pre-test/post-test trial of HIP (one tablet tds) administered in lieu of intravenous iron supplementation to 37 recombinant human erythropoietin (rHuEPO)-treated haemodialysis patients over a 6-month period. Although 4 (11%) of 37 patients dropped out due to gastrointestinal intolerance (n = 3) or insufficient iron supplementation (n = 1) and 5 patients (14%) were excluded due to unrelated complications or protocol violation, HIP demonstrated the ability to maintain haematocrit targets and iron stores and significantly improve rHuEPO efficiency (mean rHuEPO dose/haemoglobin levels fell from 1270 to 1023 U g/mo/dL, P = 0.04) in the majority of study participants. However, the results of this study were significantly limited by its non-randomized design and the potential for co-intervention and observer biases. Furthermore, failure of study investigators to analyse results on an intention-to-treat basis limits the applicability of these data to 'real-world' dialysis populations.
In the present study, similar TSAT values were observed at 6 months irrespective of treatment with HIP versus ferrous sulphate therapy. Similarly, HIP demonstrated no advantage over ferrous sulphate in maintaining haemoglobin levels or reducing DPO utilization. While it is possible that results may have been biased in favour of the null hypothesis due to the low proportion of study participants that completed the trial according to protocol (46%), the majority (66%) of protocol deviations occurred due to non-compliance with study medication or dose reduction or medication cessation due to adverse events. Given that the importance of continuing with all prescribed medications (irrespective of side effects, where at all possible) was heavily emphasized at all clinic visits, it is unlikely that a higher level of adherence could be achieved in a clinical setting. In addition, a similar lack of advantage of HIP over ferrous sulphate for the primary and secondary end points was observed in the per-protocol population.
One possible reason for why HIP failed to improve iron stores compared with ferrous sulphate might relate to the fact that patients were instructed to take their study medication on an empty stomach at least 2 h apart from phosphate binder ingestion. It has been postulated that the increased bioavailability of heme iron compared with ionic iron may be due to less inhibition of gastrointestinal absorption of heme iron by dietary constituents, such as polyphenolic tannins, phytates, soy and dairy products [22] . By administering both preparations in the fasting state, any potential benefit of HIP may have been minimized.
Interestingly, despite similar serum ferritin levels at baseline, serum ferritin levels at 6 months were significantly lower in individuals treated with HIP than in those treated with ferrous sulphate. This raises the possibility that HIP therapy may actually have constituted an inferior form of oral iron supplementation compared with oral ferrous sulphate. Since serial C-reactive protein measurements were not performed in the HEMATOCRIT trial, a reduction in serum ferritin levels in the HIP group due to an acute phase response cannot be excluded. However, this possibility would seem unlikely, particularly in the light of the comparable frequency of infectious and inflammatory adverse events observed in the HIP and control groups.
A major limitation with oral iron supplementation is impaired compliance due to gastrointestinal intolerance. Because HIP is absorbed via a different receptor to that utilized by ionic iron [18] , it has been suggested that HIP might exhibit an improved gastrointestinal side effect profile to that observed with standard oral iron preparations [18, 19, 22] . In the present study, however, gastrointestinal side effects were experienced by 6 of 27 individuals (22%) receiving HIP therapy compared with 4 of 27 (13%) administered ferrous sulphate (P = 0.51). In all cases, symptoms were sufficient to necessitate dose reduction or medication cessation. Given that this study was not powered adequately to explore differences in gastrointestinal toxicity between the two preparations, no definitive conclusions can be drawn from these data. However, they do suggest that a major improvement in gastrointestinal symptomatology with HIP therapy would be unlikely, even in a larger study population. The principal limitation of this trial was its open-label design, which had the potential to introduce observer and co-intervention bias. However, the primary outcome measure, TSAT, was an objective one and the outcome assessor was blinded to the group assignment. Gastrointestinal adverse events were assessed subjectively and may have been susceptible to placebo or nocebo effects. Although the trial recruited to above the target sample size of 60 and the observed drop-out rate from the intention-totreat population was less than anticipated (13 instead of 15%), the possibility of a Type 2 statistical error cannot be entirely excluded. Study medication dosage reduction or cessation were relatively common in both groups, primarily related to gastrointestinal intolerance, and were unable to be mitigated against in spite of greater trial-related efforts to monitor and encourage compliance than might be routinely achievable in clinical practice. Nevertheless, given that HIP therapy was associated with a statistically significant and clinically important fall in serum ferritin levels during the HEMATOCRIT trial, a superior haematinic benefit of HIP over ferrous sulphate seems very unlikely.
In conclusion, the HEMATOCRIT trial is the first randomized study to assess the utility of HIP compared with ferrous sulphate therapy in a chronic kidney disease population. Study participants were reflective of PD patients in the developed world, making our results generalizable to this patient group. We conclude no benefit of HIP compared with conventional oral iron supplements in augmenting body iron stores in PD patients. Furthermore, the significant reduction in serum ferritin levels and high costs associated with HIP therapy suggest that it is unlikely to have a significant role in iron supplementation in PD patients.
